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The lack of affordable and scalable manufacturing processes for pattern generation is a bottleneck in transitioning several promising nano-enabled technologies from research laboratories to real-world adoption. [1] In contrast to the existing slow and expensive pattern generation techniques, self-organization-based processes provide an alternate route to scale-up by enabling low-cost patterning over large areas. [2] [3] [4] For example, uniform 1-D periodic wrinkled patterns can be generated over large areas via uniaxial compression of flat bilayers. [5, 6] Such patterns have been used in the past to fabricate tunable nanofluidic channels, [7] [8] tunable diffraction gratings, [9, 10] and for lowcost nanometrology. [11, 12] Although pattern fabrication via wrinkling is scalable, this process is currently of limited practical import. This is primarily because predictive design of wrinkled patterns is limited to a small set of elementary geometric patterns, [13] [14] [15] [16] that is, it is not possible to deterministically predict complex multi-period wrinkled patterns for a given set of process parameters. This makes it difficult to fabricate the desired wrinkled patterns with any certainty. We have overcome this limitation for the specific case of hierarchical wrinkled patterns by demonstrating deterministic switching of hierarchy during compression of quasi-planar bilayers.
In the past, several empirical studies have demonstrated the feasibility of hierarchical wrinkle formation by "adding up" patterns. [17] [18] [19] [20] [21] Physical pattern addition is often achieved by compressing a pre-patterned non-flat bilayer. [19] [20] [21] This non-flat geometry can be conveniently generated via recursive wrinkling, that is, by replicating/imprinting wrinkled patterns that are fabricated via compression of flat bilayers. [19] As wrinkled patterns form due to non-linear buckling bifurcation phenomena, the observed composite patterns are not equivalent to a linear superposition of the elementary patterns. To predict these composite patterns, approximate semi-empirical models may be generated by reducing the prepatterned system to either a flat bilayer [21] or a curved bilayer with a non-zero average global curvature. [22] Unfortunately, such approximations do not capture the physical effect of quasi-planar geometry on pattern formation. A quasi-planar geometry is fundamentally distinct in form and behavior from both flat and curved geometry and refers to an "almost" flat surface geometry that has periodic spatial variations in the local curvature but a zero average global curvature. Herein, we investigate the effect of form of quasiplanar bilayers on the pattern formation behavior by identifying how the pre-pattern geometry fundamentally alters the deformation energy during compression of such systems. We show that the emergence of hierarchy during compression of quasi-planar bilayers is determined by two competing effects that arise due to the non-flat periodic geometry of such systems. As a result, emergence of hierarchy is preceded by a mode-locked state during which the quasiplanar form persists.
Results and Discussion
We have fabricated quasi-planar bilayer systems by generating glassy thin films on top of pre-patterned and stretched elastomeric base layers. Glassy thin films were generated by plasma oxidation of the polydimethylsiloxane (PDMS) base layers; [23, 24] pre-patterns were generated in the base by replicating single-period wrinkled patterns onto the base during curing. The pre-patterns were aligned such that the directions of periodicity and pre-stretch were collinear. [25, 26] Upon gradual release of the stretch in the base, one observes a mode lock-in behavior wherein the amplitude of the pre-pattern increases while maintaining the single-period pre-pattern geometry. With further release of the stretch, a multi-period hierarchical mode emerges beyond a critical threshold. The patterns are reversible around this transition strain (e t ), that is, the hierarchical mode can be switched back to the single-period pre-pattern mode by increasing the stretch in the base. This phenomenon is illustrated in Figure 1 . The mode lock-in behavior is a distinct characteristic of quasi-planar systems and can be tuned via process parameters. For example, when the initial stretch in the base layer is lower than the transition strain, no hierarchical wrinkles are observed upon full pre-stretch release. One such representative mode-locked pattern is depicted in Figure 1d . We have also verified this mode lock-in behavior via finite element simulations, as illustrated in Figure 1c . Simulations were performed by modeling the non-linear buckling bifurcation phenomenon that occurs during compression of pre-patterned bilayers. Custom codes were written to transform flat bilayers into quasi-planar bilayers by applying large mesh perturbations; these codes are available elsewhere. [27] The mode lock-in behavior arises due to the competing effects of the period and the amplitude of pre-patterns on the deformation energy. In the absence of a pre-pattern, a flat bilayer system bifurcates into its natural period, that is, into the period that minimizes the deformation energy. By prepatterning the base with a period that is different from the natural pattern, one "forces" the bilayer system into a higher energy deformation state. Concurrently, an energy advantage arises due to the non-flat geometry. This is because the deformation energy of a flat system is higher than that of a strain-free non-flat system when compressed by the same strain (see Supporting Information Section S4.2). Hierarchical wrinkles are formed due to a competition between these two effects: energy penalty due to non-natural period and energy advantage due to non-zero amplitude.
Mode lock-in at the onset of pre-stretch release occurs because the energy advantage due to non-zero amplitude dominates the energy penalty due to non-natural period. This energy advantage forces the system to stay locked into an otherwise energetically unfavorable mode. As strain affects amplitude and period differently, these energy penalties and advantages vary with the strain. With further pre-stretch release, the energy penalty gradually starts dominating. Hierarchical wrinkles emerge when this penalty exceeds the energy advantage. In finite element simulations and physical systems, this transition can be identified by the emergence of the natural period in the patterns. The Fast Fourier Transform of the simulated patterns shown in Figure 2 demonstrates how emergence of the natural period results in hierarchy. As illustrated in Figure 2d , this mode transition is accompanied with a distinct change in the slope of deformation energy versus strain plot. Herein, we have separately captured these two competing effects via analytical models to predict the transition of quasi-planar bilayers into hierarchical modes.
To separately quantify the "energy advantage" due to nonzero amplitude, we consider the special case wherein the period of pre-patterns (λ p ) is equal to the natural period (λ n ). Such quasi-planar systems do not demonstrate hierarchy because there is no competing energy penalty. We have modified the linear elastic model proposed by Groenewold [13] to model the effect of non-zero pre-pattern amplitude (A p ) on the scaled strain energy as (details in Supporting Information Section S4.2):
This scaled strain energy is a ratio of the strain energy in a system that is pre-patterned with the natural period (U p,n ) and in an equivalent flat system (U f,n ). This ratio varies between one and zero; a value of one corresponds to a pre-pattern with zero amplitude, that is, a flat system. Thus, a low value for this ratio corresponds to a high "energy advantage." Here, "n" is the ratio of amplitudes of the pre-pattern and the natural pattern, that is, n ¼ A p /A n . As illustrated in Figure 3a , "energy advantage" in the system decreases with an increase in the compressive strain. The initial deviation of the computed "energy advantage" from the predicted values is due to the presence of the longitudinal film compressive mode in flat bilayers before the onset of wrinkling. In pre-patterned bilayers, this longitudinal compression is negligibly small (see Supporting Information Section S4.2) and does not affect pattern formation.
As the natural pattern is physically observable, the natural period (λ n ) and amplitude (A n ) may be empirically determined by observing the period and amplitude of wrinkles formed in an equivalent flat bilayer system. Within these geometric parameters, the effect of thin film thickness (h) and ratio of Young's moduli (h) is incorporated in the natural period (λ n $ h Á h 1/3 ) whereas the effect of strain (e) is incorporated in the amplitude of the natural mode (A n $ λ n Á e 0.5
). The energy penalty due to non-natural pre-pattern can be quantified by evaluating the strain energy of a hypothetical system that bifurcates into the pre-pattern period from a flat state. When a flat bilayer system deforms to form wrinkles of period λ p , the scaled strain energy is as follows:
Here, U f,p is the strain energy in the flat bilayer if it bifurcates into wrinkles of same period as the pre-pattern and "m" is the ratio of period of pre-pattern to natural period, that is, m ¼ λ p /λ n . The energy penalty increases as the pre-pattern period deviates away from the natural period. As illustrated in Figure 3b , the penalty demonstrates a distinct asymmetry about the natural period, that is, the increase in penalty is steeper for periods that are lower than the natural period. Asymmetric behavior arises due to the difference in the source of penalty; penalty for higher periods arises due to the base whereas penalty for lower periods arises due to the thin film. This is because strain energy in the base is directly proportional to the period whereas strain energy in the film is inversely proportional to the square of the period. [13] For periods higher than the natural period, penalty arises due to an increase in the energy of the base; whereas for periods lower than the natural period, penalty arises due to an increase in the energy of the film. Asymmetry arises because the scaling of strain energy with period is linear for the base but quadratic for the film. As discussed later, this asymmetry is also reflected in the transition behavior and serves as a qualitative internal consistency test to verify the analytical model. When a non-natural pre-patterned quasi-planar surface is compressed, the energy advantage and the energy penalty coexist. The scaled deformation energy of a quasi-planar bilayer system during compression is given by the following (details in Supporting Information Section S4.4):
Here, U p,p is the strain energy in the quasi-planar bilayer that is pre-patterned with a period that is different from the natural period. At the onset of pre-stretch release, this ratio of energy is less than one thereby indicating that the pre-patterned mode is energetically favorable over the natural mode. The transition to hierarchy from mode-locked state occurs when this energy ratio exceeds one. Beyond the transition strain, the growth of the pre-patterned mode is energetically unfavorable with respect to the growth of the hierarchical mode that comprises the pre-patterned and natural modes. The transition criterion captured by Equation 3 may be represented entirely in terms of the geometrical parameters "n" and "m" as follows:
At the onset of compression, the amplitude ratio "n" is infinitely large because the amplitude of the natural period is zero. With increasing compressive strain, the natural amplitude of the hypothetical equivalent flat bilayer increases along with a decrease in the amplitude ratio "n." As long as the amplitude ratio remains higher than the critical amplitude ratio "n c ," only the single-period pre-pattern exists. Physically, this manifests as an increase in the amplitude of the mode-locked state with an increase in the strain. Upon further compression, hierarchical patterns emerge when the amplitude ratio "n" falls below the critical amplitude ratio "n c ." Using kinematic relationships, the corresponding transition strain (e t ) is evaluated as follows:
As the geometric parameters that govern this transition are physically observable, one can accurately predict the transition behavior even with limited system knowledge about materials or applied strain. The universal phase diagram that represents this lock-in/hierarchy transition is shown in Figure 4 . This phase diagram is applicable to all feasible combinations of process parameters and provides a powerful predictive tool to deterministically switch hierarchy in a variety of quasi-planar bilayers.
We have verified the accuracy of the phase diagram by comparing the analytical model against empirical data and finite element simulations. During experiments, wrinkled surfaces were imaged upon full pre-stretch release with an atomic force microscope to identify the state of the pattern as being either mode locked or hierarchical. During simulations, the critical amplitude ratio for transition was evaluated by measuring the transition strain for a set of pre-determined period ratio and pre-pattern amplitude. As illustrated in Figure 4 , finite element simulations and experiments collectively confirm the accuracy of the analytical phase diagram. Additionally, an internal consistency check was performed to verify that the asymmetry in the energy penalty is accurately reflected in the asymmetry of the phase diagram. As nonnatural periods with a period ratio less than unity have a steeper energy penalty, they force the quasi-planar systems to stay longer in the mode-locked state. This is reflected in the phase diagram in the form of a larger mode-locked region for period ratios less than unity.
The phase diagram presented here enables one to make rational design decisions that cannot be made via prevalent empirical techniques that rely on trial-and-error. For example, when tunable wrinkles are desired one may select the prepattern and natural patterns with either m > 1 or m < 1. Although similar hierarchical wrinkles can be theoretically obtained for both of these cases, based on the phase diagram we now know that the first combination provides a larger Table S3 ). Finite element simulations represent the transition criterion. Pre-pattern amplitude was varied within 0.13-45.25% of natural period (Supporting Information Table S4 ), natural period was 2.5 mm, the film thickness was varied in the range of (0.5-2) times 50 nm and the Young's moduli ratio was varied in the range of (0.125-8) times 1 190.5.
accessible design-space for hierarchy whereas the second combination favors mode lock-in. One can also deduce from the phase diagram and Equation 5 that tunability of hierarchy is lost when the pre-pattern period is substantially higher than the natural period, that is, higher by a factor of at least 10. For such systems, the transition strain is negligibly small and one would fail to observe mode lock-in as a distinct state; instead, hierarchical wrinkles would seem to emerge immediately at the onset of pre-stretch release. We suspect that this is one of the reasons why the mode lock-in phenomenon has not been reported in the past within the context of wrinkling of prepatterned surfaces.
Conclusions
Herein, we have generated the process knowledge that enables one to perform predictive design and fabrication of tunable hierarchical structures for the special case of singleperiod quasi-planar bilayers. Such tunable structures find applications in tunable gratings, microfluidics, and control of adhesion and wetting properties. [28, 29] Specifically, hierarchical wrinkles with a period ratio of 1-2 can be used as shapetunable optical gratings wherein the shape can be tuned via strain; whereas, hierarchical wrinkles with a period ratio of 5-10 may be used as tunable microfluidic channels wherein the lower period wrinkles generate tunable roughness on the surface of the larger period channels. Use of multi-period quasi-planar surfaces would broaden the applications of hierarchical wrinkles beyond these specific cases. By identifying the fundamental link between geometric form and pattern formation behavior of single-period quasi-planar geometries, we provide the framework that is required to understand pattern formation in more complex multi-period quasi-planar geometries.
Experimental

Curing of PDMS Films
Flat PDMS base films were fabricated by casting and thermally curing a two-part polydimethylsiloxane (PDMS) silicone elastomer mix that is commercially available from Dow Corning (Sylgard 184). The two parts were mixed by combining 12 parts of resin and one part of curing agent by weight. After degassing the mixture, curing was performed via a two-step thermal curing process so as to minimize the volumetric shrinkage in the film. Alignment features were generated on the bottom surface of the films by casting and curing the mixture in custom-made aluminum molds. These alignment features were later used to align the direction of stretch with the wrinkle pre-patterns.
Fabrication of Pre-Stretched Bilayers and Wrinkles
The cured PDMS films were manually cut into individual coupons that were approximately 20 mm wide, 1.9-2.2 mm thick, and had a clamped length of 37.5 mm. These coupons were then mounted and stretched on a custom-made precision tensile stage. [25] The accuracy of the clamped length was ensured by mating the alignment features on the coupons to the corresponding features on the stage. The entire stage with the stretched coupon was then inserted into a vacuum chamber and exposed to low-pressure RF air plasma. The air plasma chemically modifies the surface and generates a glassy thin film on top of the PDMS layer that has a Young's modulus of 3.2 AE 0.78 GPa [26] and is 10-100 nm thick. The thickness of the glassy film can be tuned by controlling the duration of the plasma exposure. The plasma oxidation process was calibrated to link the observed period to the duration of exposure; the calibration chart is available in the Supporting Information. After plasma oxidation, wrinkles were generated by gradually releasing the stretch in the base layer thereby causing the top glassy layer to compress and buckle.
Fabrication of Quasi-Planar Base Layers
Quasi-planar base layers were fabricated by imprinting wrinkled surfaces onto the base during the thermal curing process. Imprinting was performed by gradually and "gently" placing the coupons with the wrinkled surfaces on top of the curing material after the onset of curing but before gelation. Alignment of the pre-patterns to the subsequent direction of stretch was achieved by visually sensing and then aligning the alignment marks on the coupons with the alignment marks on the mold. It was observed that when imprinting is performed immediately at the beginning of curing, the coupons quickly sink to the bottom of the mold leading to an extremely thin and unusable quasi-planar base. Therefore, imprinting was delayed by several minutes after the onset of curing to ensure that the base film is sufficiently viscous to support the weight of the coupon. The protocol for imprinting is summarized in the Supporting Information and described in detail elsewhere. [26] 
Metrology Protocol
The experimental data illustrated in Figure 4 were obtained by recording a scan of the wrinkled surface on an Atomic Force Microscope (AFM) when the pre-stretch in the pre-patterned base was fully released. The compressive strain in the top film was measured from the wrinkled profile by evaluating the total length of the curved profile. The pre-pattern amplitude and period and the natural period were directly measured for one set of experiments and indirectly via calibration of the plasma oxidation process for the other set. The observable geometric parameters of the experiments and details of the metrology protocol are available in the Supporting Information. Uncertainty in the experimental data arises due to spatial variation in the measurement of the pre-pattern and the calibration curves. This uncertainty has been previously characterized elsewhere in detail. [25] The error bars in Figure 4 are based on this characterization and quantify the standard deviation in the period and amplitude of AE5% for direct measurements and AE6.5% for indirect measurements.
Finite Element Simulations
Finite element modeling was performed by developing 2-D models of wrinkling using the Structural Mechanics module of the COMSOL 4.2 software package. These models were developed by implementing buckling of wide plates under the plane strain condition wherein the top film is a linear elastic material and the bottom layer is a NeoHookean material. A non-linear strain-displacement relationship was used for both layers to account for large angles during wrinkling. The bilayer was uniaxially compressed by simultaneously compressing the top and bottom layers. Modeling of wrinkle formation in flat bilayers was performed in two steps: [30] i) linear pre-buckling analysis to predict the mode shapes required for generating the perturbed mesh and ii) a non-linear post-buckling analysis on the perturbed mesh to predict the shape and amplitude of the wrinkles after buckling bifurcation. Modeling of wrinkle formation in pre-patterned bilayers was performed on the perturbed mesh via a single-step nonlinear analysis. The perturbed mesh was generated from the prepattern geometry, as discussed in the Supporting Information. It was observed that additional mesh perturbations were not necessary to generate wrinkles during compression of pre-patterned bilayers. The transition strain (e t ) at which the pre-patterned surfaces transition into the hierarchical mode was evaluated as the strain at which the absolute value of the second derivative of film energy versus strain has a peak. This criterion captures the change in the deformation mode that accompanies the transition from single-period modelocked state to a two-period hierarchical state.
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